



























X-band synthetic aperture 



























X-band synthetic aperture  























This study was carried out at AS Regio, German Aerospace Center (DLR), Uni-
versity of Tartu and Tartu Observatory. 
 
The dissertation was admitted on 10.01.2014 in partial fulfilment of the require-
ments for the degree of Doctor of Philosophy in Physics, and was allowed for 
defence by the Council of the Institute of Physics, University of Tartu. 
 
Supervisors: DSc Mart Noorma, University of Tartu, Estonia 
 PhD Rein Rõõm, University of Tartu, Estonia 
 
Opponents: PhD Liis Sipelgas, Tallinn University of Technology, Estonia 
 PhD Laurent Ferro-Famil, University of Rennes, France 
 
















ISBN 978–9949–32–483–5 (print)  
ISBN 978–9949–32–484–2 (pdf) 
 
 
Copyright: Kaupo Voormansik, 2014 
 


























These studies were supported by European Social Fund’s Doctoral Studies and 








LIST OF ORIGINAL PUBLICATIONS  ......................................................  6 
AUTHOR’S CONTRIBUTION  ....................................................................  6 
ABBREVIATIONS  .......................................................................................  7 
1. INTRODUCTION  ....................................................................................  8 
1.1. Background  ........................................................................................  8 
1.2. Objectives and progress in this work  .................................................  11 
2. FLOOD DETECTION WITH X-BAND SAR IN NORTHERN 
EUROPEAN TEMPERATE FORESTS  [Publications I and II]  .............  13 
2.1. Physical basis for microwave scattering  ............................................   13 
2.2. Scattering mechanisms in flooded forest  ...........................................  14 
2.3. Flooded area detection based on enhanced backscatter  .....................  15 
2.4. Improved flooded forest detection with HH-VV polarimetric 
channel  ...............................................................................................  16 
2.5. Phase difference of HH and VV polarimetric channels  .....................  19 
2.6. Flood maps generation  .......................................................................  21 
3. DUAL POLARIMETRIC X-BAND SAR SIGNATURES OF 
GRASSLANDS [Publications III and IV]  ...............................................  22 
3.1. TerraSAR-X dual polarimetric HH/VV mode  ...................................  23 
3.2. Dual polarimetric entropy/alpha decomposition  ................................  24 
3.3. Dual polarimetric signatures of grasslands  ........................................  24 
3.4. Wind and rain effects on grassland scattering  ...................................  26 
3.5. Possible soil moisture effects on grassland scattering  .......................  28 
3.6. Grasslands vegetation modelling  .......................................................  28 
4. CONCLUSION  ........................................................................................  30 
SUMMARY  ..................................................................................................  32 
SUMMARY IN ESTONIAN  ........................................................................  33 
REFERENCES  ..............................................................................................  35 
ACKNOWLEDGEMENTS  ..........................................................................  43 
PUBLICATIONS   .........................................................................................  45 





LIST OF ORIGINAL PUBLICATIONS 
This thesis is based on the following publications (full texts included at the end 
of the thesis), which are referred to in the text by their Roman numerals. The 
papers are reprinted with the kind permission of the publishers. 
 
I K. Voormansik, J. Praks, O. Antropov, J. Jagomägi and K. Zalite, “Flood 
Mapping With TerraSAR-X in Forested Regions in Estonia,” IEEE Jour-
nal of Selected Topics in Applied Earth Observations and Remote Sensing, 
in print, 2013. 
 
II K. Zalite, K. Voormansik, A. Olesk, M. Noorma and A. Reinart, “Effects 
of Inundated Vegetation on X-Band HH–VV Backscatter and Phase Diffe-
rence,” IEEE Journal of Selected Topics in Applied Earth Observations 
and Remote Sensing, in print, 2013. 
 
III K. Voormansik, T. Jagdhuber, A. Olesk, I. Hajnsek and K. P. Papahtanas-
siou, “Towards a detection of grassland cutting practices with dual 
polarimetric TerraSAR-X data,” International Journal of Remote Sensing, 
vol. 34, no. 22, pp. 8081–8103, 2013. 
 
IV K. Voormansik, T. Jagdhuber, I. Hajnsek and K. P. Papathanassiou, “Im-
proving Semi-natural Grassland Administration with TerraSAR-X,” in 
Proceedings of the 17th GeoCAP Annual Conference, edited by: D. Fas-
bender, K. Taşdemir, Ph. Loudjani, V. Angileri, C. Lucau, P. Milenov, W. 





The articles on which this thesis is based are the result of collective work and 
contain important contributions from all the co-authors. The author’s contri-
bution to the publications referred to by their Roman numbers is indicated as 
follows: 
I Planning and organizing the campaign; design of the experiments; satel-
lite data processing; conducting the field works; analysis of the data 
processing results; full text of the article. 
II Proposing the experiment, planning and organising the satellite data 
takes campaign, reviewing the manuscript. 
III Planning and organizing the campaign; design of the experiments; 
satellite data processing; analysis of the data processing results; theore-
tical explanation with modelling; full text of the article. 
IV Planning and organizing the campaign; design of the experiments; 
satellite data processing; analysis of the data processing results; oral 






ALOS Advanced Land Observation Satellite 
ASAR Advanced Synthetic Aperture Radar 
C-band 4.0–8.0 GHz electromagnetic spectrum frequency range 
DLR Deutsches Zentrum für Luft- und Raumfahrt – German Aerospace 
Center 
EM electro magnetic 
IEM Integral Equation Method 
FBS Fine Beam Single Polarisation 
HH horizontal transmit, horizontal receive 
HV horizontal transmit, vertical receive 
Ku-band 12.0–18.0 GHz electromagnetic spectrum frequency 
L-band 1.0–2.0 GHz electromagnetic spectrum frequency range 
LAI leaf area index 
MODIS Moderate-Resolution Imaging Spectroradiometer 
MSG Meteosat Second Generation 
NASA National Aeronautics and Space Administration 
NDVI normalised differential vegetation index 
NESZ noise equivalent sigma zero 
NIR near infra-red spectral range 
P-band 250–500 MHz electromagnetic spectrum frequency range 
PALSAR Phased Array type L-band Synthetic Aperture Radar 
SAR synthetic aperture radar 
US United States 
VH vertical transmit, horizontal receive 
VIS visible spectral range 
VV vertical transmit, vertical receive 
WSM Wide Swath Mode 










Recent advances in science and technology have certainly opened up new possi-
bilities, but at the same time they have increased mankind’s responsibilities. 
Mankind’s capabilities and concrete actions in re-shaping the environment on 
Earth can be seen to have greatly increased between the 1800s and the year 
2000. The majority of the scientific community agrees that there is evidence of 
anthropogenic influence on climate change [1,2]. The increased frequency of 
extreme weather events like heavy rainfall or hurricane-induced floods has also 
been connected with human-induced climate change [1,3]. Global warming 
accelerates the global water cycle and this causes such severe weather events to 
occur more frequently [2,4]. Even if there is not 100% agreement on the extent 
of anthropogenic causes for global warming [5,6], people still possess enough 
energy and technology to alter the natural processes of the Earth like never 
before in man’s recorded history. Therefore, it is especially important nowadays 
to monitor and understand the processes of the environment and climate here on 
Earth. 
There are several possibilities for monitoring and measuring the environment 
on Earth, e.g., by direct observations or using automated sensor networks. Earth 
observation satellites allow the monitoring of huge areas in a very short time 
and with a high refresh rate. The Meteosat Second Generation (MSG) satellite is 
the best example of high refresh rate huge area monitoring as it is able to collect 
data on more than 1/3 of the entire Earth’s surface in the visible (VIS) and near 
infrared (NIR) spectral range with a 15 min refresh rate and a spatial resolution 
of 1–3 km [7]. In medium 250 m resolution, NASA MODIS instruments on the 
Aqua and Terra satellites can measure the reflected VIS and NIR sunlight from 
the entirety of the Earth’s surface once every 24 hours [8]. Thus Earth obser-
vation satellites are established information sources for monitoring the environ-
ment on a regional and global scale. According to different sources, there are 
approximately 119–122 operational Earth observation satellites in orbit as of 
December 2013 [9,10]. 
Optical instruments mounted on Earth observation satellites have provided 
meteorological and environmental information since the launches of Vanguard 
2 and Landsat-1 in 1959 and 1972 respectively [11,12]. Aside from the optical 
instruments’ strengths in classifying different objects and materials using high 
spectral resolution imaging, there are also some major disadvantages. Optical 
instruments are dependent on sunlight – very limited information can be 
retrieved from night-time imaging and in the event of cloud cover the measure-
ments rather contain information on the atmosphere but not the underlying land. 
Radar instruments can overcome both such limitations. As they carry their own 
source of illumination, radars are independent of sunlight. In addition, the 
microwave frequencies used in radars can penetrate the atmosphere in almost 





both during the day and at night, independently of cloud cover. In addition, 
imaging radars are sensitive to the electrical and structural properties of the 
sensed objects: they penetrate the canopy and returning echoes contain infor-
mation about the entire vegetative structure depending on the plants’ moisture 
content, not only about the upper layer reflectivity of vegetation like in passive 
optical remote sensing [13,14]. Radar remote sensing is vital in areas that are 
under almost constant cloud cover (like some equatorial regions or Northern 
Europe during autumn). Thanks to this canopy penetration, it is possible to 
measure forest structure and biomass as well as processes that take place under 
the forest canopy, like floods [13–15]. It is for these reasons that radars are 
considered to be more suitable than – or as complementary sensors to – optical 
remote sensing instruments in several applications. 
Radars have been used to track ships and aircraft for almost a hundred years 
[13]. However, constructing a feasible imaging radar has been challenging. A 
simple real aperture radar installed on a satellite would need a very large 
antenna (d>30 m) with a very narrow beamwidth (θ<0.5°) and still the resolu-
tion on the ground would be several kilometres in size, which is only suitable 
for very coarse wide-scale process monitoring. In the early 1950s C. A. Wiley 
and C. W. Sherwin et al. independently of each other suggested using the 
Doppler history of the signal to improve ground resolution much below the 
actual beamwidth [16,17]. Practical uses of high resolution Synthetic Aperture 
Radar (SAR) were, however, limited for some decades due to the extensive 
processing power needed for image focusing. In addition to SAR developments 
in military aircraft, the first successfully realised civilian space-borne SAR was 
NASA’s Seasat in 1978 [18]. Although Seasat operated for only 106 days, it 
clearly demonstrated what microwave imaging radars were capable of and 
opened up the following era to their development. 
After the theoretical work in SAR polarimetry carried out by Wolfgang-
Martin Börner [19], NASA’s AIRSAR sensor, first flown in 1987, demonstrated 
the value of polarimetric radar imaging for environmental monitoring [20]. The 
use of different polarisations can enhance the information content of imaging 
radar measurements [13,15]. Taking the structural properties of the sensed 
object, the recorded signal depends on the polarisation of the incident and 
received electromagnetic waves [13,15]. Hence, using different polarisations 
allows the retrieval of detailed information about the sensed object structure and 
acquisition geometry.  
SAR and polarimetric SAR can be used for acquiring timely information 
about natural disasters to make better informed decisions for mitigating their 
effects. Floods are one of the most common disasters, occurring more often 
because of the accelerated water cycle due to global warming [2,4], causing  
142 billion US dollars of damage and affecting almost 1 billion people for the 
past decade 2001–2010 [21]. Some years after the launch of Seasat in 1978 it 
was noticed that SAR images can reveal flooded areas due to enhanced back-
scatter in forested areas and reduced backscatter in open areas [22–25]. Models 





likely caused by changes in the Fresnel power reflection coefficients [26] for 
the double bounce backscattering mechanism [27] when there is standing water 
under forest canopy. For flood mapping in the forest, longer wavelengths like 
those in the L-band [27–29], steep incidence angles (20°–30°) [27–31] and HH 
(Horizontal transmit, Horizontal receive) polarization [28,32,33] are shown to 
be well suited to this purpose due to the high contrast between flooded and non-
flooded forest. For shallower incidence angles the radar beam must travel a 
longer distance through canopy, thus attenuating more [27,30]. Shorter wave-
lengths like those in the C- and X-band attenuate more in the canopy [27,29]. 
Other polarisations like VV (Vertical transmit, Vertical receive) and HV (Hori-
zontal transmit, Vertical receive) interact more with the canopy, thus back-
scattering more from branches and leaves and less from the ground [28,34]. C-
band SAR, however, is also shown to be suitable for flood detection under the 
forest canopy; it has demonstrated up to 98% classification accuracy in leaf-off 
conditions [35], and in leaf-on conditions this accuracy is reduced (89%) 
[35,36]. Besides simple backscatter threshold methods [37,38], the exploitation 
of complex coherence information [39–42] is proven feasible for flood mapping 
in open areas. On this relatively mature physical basis, the focus of the past 
seven years’ research has been in creating a fully automatic SAR-based flood 
mapping algorithm [43–46,21]. High population density urban areas and their 
rapid flood mapping for disaster relief are of special interest to the research 
community. Recent works by Mason et al. have demonstrated promising results 
when exploiting digital surface and building models to solve the radar shadow 
and layover effects and improve the results with modelling [47,48]. 
Grassland parameter retrieval is another SAR application with high poten-
tial. More than 40% of the Earth’s surface is covered by various grasslands [49], 
therefore in the context of global warming and sustainable development it is 
important to trace the changes and understand the processes of such a 
widespread type of land cover. Also, from the perspective of the development 
of precision farming [50,51], grassland information retrieval is needed to mini-
mise maintenance costs while reducing the ecological footprint of farming. 
Here, again, imaging radars are the preferred sensors primarily because of their 
weather independence [13]. With imaging radars it is possible to set up a 
regular and continuous time series of measurements to follow the whole pheno-
logical cycle of a field.  
In the case of grasslands, the recorded SAR signal is in general a mixture of 
volume scattering from grass plants and surface scattering from the soil [52]. 
When studying backscattered signal magnitude, low frequencies like L-band 
and HV polarisation are found to provide close to linear proportional correlation 
with high dynamic range (9–14 dB) to grass height and biomass [53,54]. In 
higher frequencies like C-band, the proportional dynamic range to grass height 
is lower (2–3 dB) [54,55]. Even higher frequencies like X- and Ku-band, an 
inverse relation to backscattered signal magnitude and grass-like plant height is 
found [56,57]. The backscattered signal from soil is mainly dependent on its 





and row orientation relative to the SAR flight path [63,65,66]. The choice of 
polarisation and incidence angle determines whether the radar echo corresponds 
more to soil or to vegetation scattering. It has been shown that shallow 
incidence angles (>40°) and VV or HV polarisation interact more with vege-
tation, with a smaller portion of energy being backscattered from the soil 
[67,68]. HV polarised measurements are also shown to be almost independent 
of different row orientations relative to the sensor’s flight path [63,69,70]. 
Vegetation response to microwaves could be successfully modelled by a cloud 
of dipoles and spheres where the predicted SAR signal is strongly dependent on 
the orientation of the dipoles [14]. Model predictions [14] are in line with real 
observations where wind-induced leaf tilt and grain lodging altered the SAR 
signal by 5–7 dB [56,57].  
The recent launches of X-band SAR satellites TerraSAR-X [71] and 
COSMO SkyMED [72] in 2007 have opened up new possibilities for SAR-
based applications development. Not only is the spatial resolution of 1 m 
[73,74] unprecedented, but also X-band SAR scattering properties have not 
been very closely studied so far and the limits of such systems are not yet fully 
understood. For flood mapping, high resolution X-band SAR theoretically 
allows the production of very accurate flood maps. For grassland parameter 
retrieval, the polarimetric modes of TerraSAR-X could potentially provide 
information about the vegetation’s structure and moisture in fine resolution. 
 
 
1.2.  Objectives and progress in this work 
The usability of short wave X-band SAR for flood mapping in temperate forest 
was studied. The experiments performed at the Estonian Alam-Pedja Nature 
Reserve in April 2010 proved that X-band SAR can penetrate the canopy 
enough to reveal standing water under coniferous and leaf-off deciduous forests 
[I, II]. The experiment, supported by field measurements, reveals large enough 
differences in backscatter levels to distinguish flooded areas from non-flooded 
areas in deciduous leaf-off, coniferous and mixed forests. Before the studies 
carried out for this thesis, it was commonly believed that X-band SAR energy is 
backscattered from treetops and is thus not suitable for flood detection in forest 
areas [27–29]. Within the study [I], the first high-resolution satellite remote 
sensing-based flood maps of the Alam-Pedja Nature Reserve were also pro-
duced. The Alam-Pedja Nature Reserve is a rich ecosystem that finds itself 
regularly flooded and the flood maps are a basis for further ecological studies of 
this area. 
In this thesis the performance of X-band SAR’s HH-VV polarimetric 
channel for flooded forest detection was measured for the first time. From the 
SAR polarimetry models, enhanced backscatter in flooded forest is known to 
correspond to the double bounce mechanism in the HH-VV polarimetric 
channel [13]. Therefore the backscatter difference between flooded and non-





In order to measure the improvement in using the X-band SAR HH-VV polari-
metric channel, an experiment was conducted in a North European temperate 
forest [II]. The LIDAR-aided experiment demonstrated an improvement of 0.2–
1.6 dB in the HH-VV channel over conventional HH in flooded vs. non-flooded 
forest backscatter-based distinction. Another indicator of forest flooding is a 
phase shift towards 180° between the HH and VV polarimetric channels. In this 
experiment [II] a phase difference change of around 60° to 70–87° was mea-
sured. These results are useful for applying polarimetric X-band SAR data for 
flood detection in temperate forest areas. 
The first detection of grass cutting with dual polarimetric HH/VV X-band 
SAR was tested [III, IV]. The first experiments at the Matsalu test-site in 2011 
with dual polarimetric HH/VV TerraSAR-X measurements gave a partial 
solution. One specific behaviour in the dominant scattering alpha angle was 
found to indicate the areas where grass had been cut and was left lying on the 
ground. However, no reliable difference in the dual polarimetric HH/VV 
TerraSAR-X observables was found when comparing tall grass fields with short 
grass fields whose grass had already been collected. The random volume over 
ground backscattering model for vegetation scattering [14] was applied and the 
changes in alpha scattering angle were well explained when tall grass was cut 





2. FLOOD DETECTION WITH X-BAND SAR  
IN NORTHERN EUROPEAN TEMPERATE FORESTS  
[Publications I and II] 
2.1.  Physical basis for microwave scattering 
Microwave scattering can be fully described using Maxwell’s equations for 
electromagnetic (EM) wave propagation, the electrical and structural properties 
of the sensed object and the medium [75–77]. Propagation through a medium 
and the scattering from an object is determined by its relative permittivity [77]. 
Relative permittivity is a complex-valued parameter where the real part repre-
sents capacitance and the imaginary part attenuation. The greater the capaci-
tance the greater the amount of incident electromagnetic energy is reflected 
from the surface, and the less is therefore refracted into the object. The greater 
the imaginary part of relative permittivity the faster the electromagnetic energy 
will attenuate in a given medium. Relative permittivity is a function of the fre-
quency of EM waves, e.g., for water in the most common spaceborne SAR 
frequency range of 1–10 GHz the relative permittivity changes from 80+6i to 
63+30i [78], see Figure 2.1. For natural sites, the most prominent changes in 
microwave scattering occur because of changes in water content and distri-
bution, as water is one of the most variable parameters in the atmosphere, bio-
sphere and lithosphere and its relative permittivity is high compared to other 
natural materials like air, wood and sand. The relative permittivity of air is close 
to 1 [77], for dry wood it ranges from 2+0.05i to 4+0.15i [79], for dry sand from 
2+0.015i to 3+0.01i [80] and for dry ice up to about 3+0.01i [81].  
In addition to this frequency-dependent relative permittivity, the dimensions 
of the sensed objects are also important. The waves interact only with objects of 
the same dimension or bigger than the given wavelength [13,14]. Therefore, 
longer wavelengths like 23 cm in L-band almost do not interact with tree leaves 
at all (even if their moisture content is high) and most of the energy is back-
scattered from branches, tree-trunks and the ground in the case of backscattering 




Figure 2.1. Relative permittivity (ε) of water for frequencies 1–256 GHz. Left diagram 





Thanks to microwave EM radiation’s strong interaction with liquid water, 
various SAR applications like soil moisture retrieval, snow classification and 
flood mapping are possible [13–15]. 
 
 
2.2.  Scattering mechanisms in flooded forest 
The scattering mechanisms for a forest scene are presented in Figure 2.2. The 
SAR-measured backscatter σ0 is composed of backscattered radiation from the 




s), double bounce from the trunk and 
surface (σ0d) and other multipath (e.g., triple bounce) backscattering (σ
0
m). The 
composition of the measured backscatter σ0 is described by Equation (1), where 





Figure 2.2. Scattering mechanisms in flooded forest, backscattering from the trunk 
(σ0t), surface (σ
0
s), double-bounce from the trunk and surface (σ
0
d), multipath back-
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It is interesting to note that the double bounce mechanism directs the incident 
SAR pulse energy almost exactly back to the sensor independently from the 
incident angle. The angle between a tree trunk and the surface is close to 90°, 
acting like a corner reflector. Comparing flooded and unflooded conditions, 







change significantly and cause overall registered backscatter change up to  
10 dB [82]. In flooded conditions the surface backscattering coefficient (σ0s) is 
usually lower, except in the case of windy weather when the water’s surface is 
rougher thanks to the waves and backscatter from the surface is thereby in-
creased. With a smooth water surface, specular reflection directs most of the 
energy away from the sensor, whereas for unflooded conditions the rougher 
forest ground causes a greater amount of radar energy to be scattered back-
wards, resulting in higher σ0s [27]. For similar reasons, during flooding the 
double bounce coefficient (σ0d) is enhanced since the forward scattering 
efficiency factor is much higher due to the smooth water surface [27]. 
The canopy and trunk attenuation coefficient ac is a function of radar fre-
quency. For higher frequencies like 9.65 GHz in X-band the attenuation is 
greater (lower ac) than 1.27 GHz in L-band. There are two main reasons for the 
attenuation coefficient’s frequency dependence. Firstly, canopy and trunks 
contain water and the EM waves’ loss factor (imaginary part of relative per-
mittivity) increases when frequencies increase from 1 to 10 GHz (see Figure 2.1 
for details). Secondly, for higher frequencies the radar pulses interact more with 
the leaves and branches as there are more objects with dimensions of 3 cm and 
larger (X-band) than there are objects measuring 23 cm and larger (L-band) 
[27]. 
Because of the higher frequencies’ greater attenuation in canopy and trunks, 
lower frequencies like in L-band are generally preferred for flood mapping in 
forests [29]. However, there are practical considerations due to the limitations 
of spectrum allocation. For remote sensing purposes more bandwidth is 
available in X-band than in L-band. As SAR image range resolution is directly 
proportional to bandwidth [83], higher resolution imaging is possible in X-band 
than in L-band. Thus X-band SAR would allow the generation of high-reso-
lution forest flood maps – something which was not possible before with L-
band systems – when canopy and trunk penetration is sufficient.  
 
 
2.3.  Flooded area detection based on enhanced backscatter  
In spring 2010, a flood mapping campaign at the Alam-Pedja Nature Reserve in 
Estonia was arranged with TerraSAR-X in order to test X-band SAR’s ability to 
detect flooding under temperate forest. During the campaign there was a record 
flood in Alam-Pedja, the biggest in over 50 years, with a 330 cm water level 
maximum in the river Emajõgi [84] and over 210 km2 of flooded area [I]. The 
test site is mainly covered with glades, deciduous, coniferous and mixed forests, 
and bogs. Tree height in the deciduous, coniferous and mixed forests where the 
X-band performance assessment was done was 15–25 m [85] at that time. The 
deciduous trees were in leaf-off conditions during the experiment in spring 
2010. 
A total of 5 TerraSAR-X images were used in the campaign: two stripmap 





resolution of 3 m, acquired on 5 and 27 April; two stripmap HH polarisation 
images with a mean incidence angle of 43° and spatial resolution of 3 m, 
acquired on 6 and 28 April; and one scanSAR HH polarisation image with a 
mean incidence angle of 42° and spatial resolution of 18 m, acquired on 15 
April. All the images were used for flood map creation and the X-band SAR 
performance assessment for forest flood mapping was based on the scanSAR 
image. The scanSAR image was selected because it captured the flood 
maximum (large flooded area and good selection of test forests) and there were 
other SAR acquisitions available for comparison at that time. An ENVISAT 
ASAR HH polarised 150 m resolution 24° incidence angle WSM image 
acquired on 14 April and an ALOS PALSAR HH polarised 12.5 m resolution 
34.3° incidence angle FBS image acquired on 16 April were used for cross-
validation. In the field surveys, the flooded areas were marked on maps that 
were later extended using ALOS PALSAR imagery since HH-polarised L-band 
SAR is a proven tool for flood detection in forests [23,24,27]. Additional details 
about the test site and data processing methodology are given in Publication I. 
Based on the experiment, 6.2, 3.2 and 4.0 dB higher backscatter was re-
gistered in deciduous, mixed and coniferous forest when comparing flooded 
conditions with non-flooded. The backscatter enhancement proved sufficiently 
accurate for detailed flood map generation, as presented in [I]. The incidence 
angle in the test was 42°. According to the previous studies, steeper incidence 
angles should produce higher backscatter enhancements [27,36] and, for 
TerraSAR-X’s steeper incidence angles of 20–30°, the flooded vs. non-flooded 
forest distinction is likely even higher. On the other hand, the experiment was 
carried out in April during leaf-off conditions and attenuation ac is likely greater 
for summer leaf-on conditions, thus reducing backscatter enhancement due to 
flooding. 
The fact that flooded areas were successfully detected under 15–25 m tall 
forest means that there was relatively deep forest penetration. The relatively 
deep forest penetration of X-band SAR pulses observed is in line with later 
TanDEM-X measurements in tropical forest [86]. The study [86] suggests an 
interesting explanation for the relatively deep forest penetration of X-band: on 
one hand the X-band microwaves are more attenuated in the canopy than L-
band microwaves but, on the other hand, as the waves themselves are smaller in 
X-band than in L-band (3 cm vs 23 cm) it is more likely that the ground is 
reached through the small holes in the forest cover. 
 
 
2.4.  Improved flooded forest detection with  
HH-VV polarimetric channel 
From ordinary single-channel polarisations such as HH, HV and VV, generally 
HH is preferred for flood mapping in forest thanks to greater ground contribu-
tion and less interaction with the canopy than for HV or VV channels [27,28,32, 





polarimetric channels could be formed using the Pauli basis [13,87]. The 
complex HH+VV and HH-VV polarimetric channels are shown to correspond 
to odd bounce (e.g., single bounce from surface) and even bounce (e.g., a 
double bounce from water surface and tree-trunk) scattering respectively [14]. 
For ideal surface scattering the HH+VV channel is in the maximum and HH-
VV is zero. For ideal double bounce scattering the HH-VV channel is in the ma-
ximum and the HH+VV channel is zero. Therefore, the HH-VV channel should 
be the most natural choice for high-contrast flooded forest detection.  
The complex HH-VV polarimetric channel is in the maximum for the double 
bounce scattering mechanism due to the 180° phase jump after double bounce 
scattering. According to electromagnetic theory, the phase of horizontally 
polarised waves is flipped 180° after a single forward scattering from a per-
fectly conducting surface (Figure 2.3a), whereas for vertically polarised waves 
the phase remains unchanged after a single forward scattering from a perfectly 
conducting surface [88]. Hence the phase difference between HH and VV 





Figure 2.3. The phase changes of horizontally (a) and vertically (b) polarized EM 
waves during the double-bounce reflection from an ideal dihedral. 
 
 
In order to test the improved flooded vs. non-flooded forest distinction of the 
HH-VV polarimetric channel over a conventional HH channel, an experiment 
was organised in Soomaa National Park, Estonia in spring 2012 using 
TerraSAR-X dual polarimetric HH/VV data. The stand corresponded to a typi-
cal Northern European temperate forest with forest cover of 75–81%. During 
the experiment the forests were in leaf-off conditions. The radar data was 
acquired with an incidence angle of 23°. Additional details of the experiment 
are presented in Publication II. Flooded forest conditions in Soomaa in March 





   
 




The measured improvement of HH-VV compared to the HH polarimetric chan-
nel in a flooded vs. non-flooded forest distinction was 0.2–1.6 dB, depending on 
forest type. The improvement of using HH-VV was greater in deciduous forest 





Figure 2.5. Backscatter coefficients (σ0) in deciduous and coniferous forest for flooded 








2.5.  Phase difference of HH and VV polarimetric channels 
In order to better understand the greater flooded vs. non-flooded forest back-
scatter difference in the HH-VV channel, the polarimetric phase difference 
between HH and VV channels was examined within the same research study 
[II] for both flooded and non-flooded conditions.  In addition, the polarimetric 
phase difference between HH and VV channels could itself be used as a para-
meter for the detection of flooded areas [89].  
For double bounce scattering from tree trunks and the ground, the charac-
teristic phase difference between HH and VV is 180°. For canopy single-bounce 
scattering the phase difference is likely close to 0°. In real forest conditions the 
overall phase difference between HH and VV falls within the range of 0–180° 
depending on forest conditions and radar frequency. For example, for C-band 
and coniferous forest in Howland, US, the recorded mean phase difference 
between HH and VV was 85° [90]. Overall, phase difference is greater for 
longer wavelengths like in P- and L-band and for sparser, smaller-canopy forest 
because of the greater double-bounce portions in the backscattered SAR energy.  
The recorded phase differences for flooded and unflooded conditions in 
temperate forest in X-band according to the 2012 campaign are presented in 




Figure 2.6. HH and VV channel polarimetric phase differences for deciduous and 








In non-flooded conditions the phase difference between HH and VV channels is 
close to 60° regardless of forest type (Figure 2.6). In flooded conditions the 
phase difference is not uniform in different types of forest. In coniferous forests 
the phase difference increases by about 10° regardless of forest height. In 
deciduous forest the greatest phase difference increase (28°) happens in forests 
with the lowest tree cover ranging from 0–10 m. The greatest phase difference 
increase also causes the biggest improvement (1.6 dB) when using the HH-VV 
channel instead of HH (see Figure 2.5).  
The stand height-dependent phase difference in deciduous forest could be 
explained by the increased travel path though the canopy (forest cover was very 
similar for all stands – 75–81%). For taller forests travel through the canopy 
was longer and the attenuation was also greater, thus reducing the double 
bounce component as described by Equation (1). 
The stand height-independent phase difference increase in coniferous forest 
is not so intuitive to understand. As cover in all three different forest height 
stands was similar (75–80%), the phase difference increase should be smaller 
for taller forests due to greater attenuation in the canopy and smaller double 
bounce contributions. However, this is not what is observed. One possible ex-
planation for this behaviour might be connected to the developmental phases of 
the coniferous spruce and pine trees common on the Soomaa test site. For these 
spruce and pine trees, the height of the layer of living branches covered with 
needles is almost constant whether the tree height be 10 or 30 m. The lower part 
of the pine trees is almost bare trunk without any branches, and the lower part 
of a spruce tree in a relatively dense forest is covered only by some dead 
branches without needles. Therefore, the attenuating canopy layer could be 
almost of the same thickness for coniferous forests with different tree heights, 
resulting in similar double-bounce portions in the recorded SAR signal. 
Above, the advantages of using dual polarimetric SAR measurements for 
forest flood mapping were demonstrated. Backscatter difference between 
flooded and non-flooded conditions is greater in the HH-VV channel compared 
to single channel HH data. It is also possible to exploit polarimetric phase 
changes between the HH and VV channels for the delineation of flooded areas 
[89]. However, for practical applications one also needs to consider the 
disadvantages of the dual polarimetric modes of SAR systems. Swath width 
and/or the resolution of dual polarimetric modes are usually inferior to those of 
the single channel mode of the same sensor. For TerraSAR-X the azimuth 
resolution is two times coarser and the swath width two times narrower in dual 
polarimetric mode compared to single channel stripmap mode [73]. ALOS 
PALSAR’s dual polarimetric mode range resolution is two times coarser 
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3. DUAL POLARIMETRIC X-BAND  
SAR SIGNATURES OF GRASSLANDS 
[Publications III and IV] 
There are several good reasons for grassland monitoring. It is one the most 
common land cover types, grasslands covering more than 40% of the Earth 
[49]. Following the changes in grasslands will help to understand changes in 
global ecology and the climate. In the European Union subsidies are paid to 
farmers proportionally to the area of grassland they possess and maintain on a 
yearly basis. Therefore, remote sensing-based grassland monitoring could avoid 
expensive and labour-intensive field work, thus saving the costs of validating 
subsidy claims. Finally, the retrieved grassland parameters would represent 
important input for precision farming applications [50,51].  
It is possible to monitor grassland with optical remote sensing instruments in 
the visible and near infrared (NIR) spectral range [96]. Indexes derived from 
multispectral measurements, like the NDVI (Normalised Differential Vege-
tation Index) and LAI (Leaf Area Index), are sensitive to grass plants’ chloro-
phyll content, and through the chlorophyll content a biomass estimation can be 
derived [97,98]. However, these well-established grassland monitoring optical 
methods only work with clear skies. Depending on geographical location, cloud 
cover can make regular optical grassland monitoring methodology unreliable.  
Polarimetric SAR, being weather and sunlight independent, is an option for 
regular grassland monitoring. Unlike optical sensors, it is not sensitive to 
chlorophyll content but to the structural properties and water content of the 
grass plants and the soil [13–15]. 
The current study is one of the first to explore polarimetric X-band SAR 
capabilities for grassland parameter retrieval. Grasslands have been studied with 
polarimetric SAR at lower frequencies like in P-, L- and C-band [59,96], but 
there have been almost no grassland studies carried out using polarimetric X-
band SAR.  
The experiment was carried out close to Matsalu bay, Northern Europe, 
Estonia near the banks of the Kasari river in the summer of 2011. A total of 7 
TerraSAR-X HH/VV acquisitions with a mean incidence angle of 36.9° were 
considered from June to October. All satellite data captures were supported by 
field surveys including grass height measurements and photographs to capture 
the actual conditions in the grass fields. Field survey, meteorological and 












3.1.  TerraSAR-X dual polarimetric HH/VV mode 
TerraSAR-X dual polarimetric modes provide a reliable data source for regular 
weather-independent grassland monitoring. There are three options for the dual 
polarimetric mode polarisation choice: HH/VV, HH/HV and VV/VH [73]. 
While HV and VH (Vertical transmit, Horizontal receive) polarimetric channels 
are shown to be sensitive to the forest and herbaceous biomass due to volume 
scattering [99], it is not a preferred option for grassland parameter retrieval with 
TerraSAR-X. The Noise Equivalent Sigma Zero (NESZ) of TerraSAR-X is  
–19 dB and typical backscatter levels for X-band co-polarised channels (VV or 
HH) in grasslands are between –15 to –10 dB, but for cross-polarised channels 
(VH or HV) typical backscatter levels are –25 to –20 dB. The HV and VH 
channels lying under the noise level of the sensor makes using them very difficult.  
Additionally, the phase difference between HH and VV channels for natural 
targets contains information, whereas the polarimetric phase difference between 
a cross-pol. channel (HV or VH) and a co-pol. channel (HH or VV) is comp-
letely random [13,14]. In TerraSAR-X dual polarimetric measurements, not 
only are the amplitudes of the two channels recorded but also the relative phase 
between the polarimetric channels. Hence HH/VV dual polarimetric mode pro-
vides three independent parameters for each natural target pixel, while HH/HV 
and VV/VH modes have only two – the amplitudes of the response. Different 
resolution and swath width dual polarimetric HH/VV modes are described in 
Table 3.1 below. Based on a calibration campaign, the polarimetric phase offset 
between the HH and VV channels was between +1° to –3° [100].  
 
 
Table 3.1 TerraSAR-X dual polarimetric HH/VV modes [73]. 
 Stripmap Spotlight High-resolution 
spotlight 
Resolution  
(ground range X  
azimuth) 
3.5–1.9 m X 6.6 m 3.6–1.7 m X 3.4 m 3.6–1.7 m X 2.2 m 
Field of view  
(ground range X  
azimuth) 
















3.2.  Dual polarimetric entropy/alpha decomposition 
For distributed natural targets, each resolution cell in a SAR image is composed 
of responses from different objects with different scattering mechanisms. The 
contributions from different scatterers are coherently added in random phase; 
this causes the recorded signal magnitude and phase to vary significantly even 
for homogeneous land cover. In order to overcome the spatial randomness of 
polarimetric SAR data, spatially averaged coherency or covariance matrixes 
could be formed [13,101]. To distinguish this different scattering mechanism 
from the covariance or coherency matrix data and describe the sensed objects, 
decomposition theorems could be applied. In the current experiment the 
coherency matrix [101] and eigenvalue/eigenvector-based entropy/alpha de-
composition [102] are used. In order to be applicable for the TerraSAR-X 
HH/VV datasets, the dual pol. extension [103] using the T22 coherency matrix 
[104] is employed. The processing chain together with its exact parameters is 
explained step-by-step in Publication III.  
 
 
3.3.  Dual polarimetric signatures of grasslands 
The parameters calculated from the TerraSAR-X dataset included dual pola-
rimetric entropy, mean alpha scattering angle, dominant alpha scattering angle, 
coherence magnitude and phase between HH+VV and HH-VV polarimetric 
channels, coherence magnitude and phase between HH and VV polarimetric 
channels, |HH|/|VV| intensity ratio, HH, VV, HH+VV and HH-VV backscatter.  
Grass height in the different fields ranged from 5 cm to 70 cm during the 
observed time period from June to October 2011. After analysing the above-
mentioned dual polarimetric X-band SAR parameters, none of them was found 
to be sensitive to grass height. However, distinct signatures were found for 
grass that was cut and lying on the ground. One of the most prominent para-
meters indicating cut grass lying on the ground was the dominant alpha scat-
tering angle. For growing grass (no matter whether the height was 5 or 70 cm) 
the dominant alpha scattering angle was found to be constantly around 10° and 
it only rose to over 25° when the grass was cut and left uncollected in the fields. 
See Figure 3.1 for the time series for dominant scattering alpha angle from  
19 June to 24 August. The green region of Test Field 1 (TF1) on 2 August 
(Figure 3.1c) was documented to correspond to cut grass lying on the ground 
with a field survey, and by 24 August (Figure 3.1d) the grass had already been 
collected and the dominant scattering alpha angle fell back to around 10°. 
Earlier, on images from 19 June (Figure 3.1a) and 11 July (Figure 3.1b), the 
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Figure 3.2. Polarimetric SAR parameters for detecting cut grass lying on the ground 
and the respective threshold values. 
 
 
3.4. Wind and rain effects on grassland scattering 
The SAR signal recorded over grassland is always a mixture of responses from 
the soil and the grass. Changing weather conditions can change the response 
from both soil and grass and, hence, also the relevant portions in the acquired 
signal. Recent rainfall prior to acquisition is likely to enhance backscattering 
from the grass because the relative permittivity of water is high (63+30i at  
10 GHz) [78] and backscattering will happen more from the top grass layer and 
less from the underlying soil. Therefore the changes in the recorded SAR signal 
might also reflect the changes in grass plant water cover and not only in grass 
plant structure. The 2011 Matsalu campaign was, however, performed in rela-
tively dry conditions: there was 0 mm of precipitation in the 24h-period prior to 
all satellite data captures from June to August, and only 0.2 and 4.6 mm for the 
15 September and 7 October data captures respectively [105]. Hence, the trends 
observed from this study are likely to indicate changes in the grass and not in 
the water cover. 
Similarly, the wind could affect the acquired SAR signal. Polarimetric SAR 
is sensitive to the structure and orientation of the sensed objects. Wind can 
change the orientation of the grass plants, thus changing the structure. A 7 dB 
increase in VV backscattering was observed in a barley field (similar plant 
structure to grass) when the wind bent the barley plants away from the side 
along which the SAR sensor was looking, compared to the case during still 
weather [56]. At the same time, backscattering in the HH channel also increased 





modelling the grass plants as vertically-oriented dipoles (see Figure 3.3). The 
response from a dipole is higher the better the alignment agrees with an EM 
wave’s polarization. It is at its maximum, when the EM wave’s oscillation is 
along the same plane as the dipole and when the direction of propagation is 
perpendicular to the dipole. SAR is a side-looking system with typical incidence 
angles of between 20°-45°. Then, for calm weather, the angle between the 
radar’s line of sight (EM wave direction of propagation) and the grass plants 
acting as dipoles will also be between 20°–45° (Figure 3.3a). When the wind 
bends the grass plants away from the sensor, the angle between the radar’s line 
of sight and the grass plants is closer to 90°, resulting in higher backscatter for 




Figure 3.3. Grassland scattering geometry and vertically polarized EM waves in calm 
weather conditions (a) and with wind blowing in the same direction as the sensor’s line 
of sight (b). 
 
 
During the summer months June to August of the 2011 Matsalu campaign when 
the most prominent changes occurred in the grass fields (e.g., the dominant  
scattering alpha angle behaviour in Figure 3.1), there was almost calm weather. 
Wind speed at the closest meteorological station in Lääne-Nigula was measured 
at 0–3 m/s during the TerraSAR-X data captures from June to August [106]. It 
is therefore unlikely that wind-induced orientation effects significantly affected 












3.5. Possible effects of soil moisture on grassland scattering 
In section 3.3 it was described how a specific behaviour in the dual polarimetric 
SAR parameters was observed for cut grass lying on the ground. In order to 
distinguish changes in grassland structure and the water content of the plants 
from changes in the soil it is important to understand how changes in soil 
moisture would change observed SAR parameters. Moisture changes are the 
single most important factor altering the response from soil, when no ploughing 
has occurred like in the 2011 Matsalu campaign.  
One possible explanation for the observed changes in the dominant alpha 
scattering angle is connected with changes in soil moisture. It was confirmed 
that no heavy rainfall had occurred at that time (0 mm precipitation 24h prior to 
the satellite data captures from June to August [105]), but it could have been the 
case that the uncollected cut grass accumulated moisture underneath it, thus 
changing the SAR response. If that were true it would be very difficult to 
distinguish changes in soil moisture due to cut grass from other reasons for 
changes in soil moisture.  
Increased soil moisture would increase the relative permittivity of the soil, 
thus increasing surface scattering and reducing volume scattering from the 
topmost soil layer. By definition of the scattering alpha angle parameter [102], 
increased surface backscattering would decrease the alpha angle closer to 0°. In 
S. Allain’s PhD thesis [60], the dominant scattering alpha angle was modelled 
for X-band SAR according to the IEM soil backscattering model [107]. Similar 
results were achieved: increased soil moisture decreased the dominant scattering 
alpha angle [60]. Therefore, accumulated soil moisture under the cut and un-
collected grass cannot explain the specific observed behaviour of the scattering 




3.6.  Grassland vegetation modelling 
Polarimetric SAR is sensitive to the structural properties of a sensed object. One 
possible way to explain the observed changes in the scattering alpha angle are 
through changes in grass plant orientation. When grass was cut its orientation 
changed from predominantly vertical to predominantly horizontal. In order to 
test the hypothesis, a random volume over ground model [14] was calculated. 
The results for different particle shapes are presented in Figure 3.4.  
As could be seen from Figure 3.4, horizontal dipoles (grass plants) 
correspond to higher scattering alpha angles than vertical dipoles. Thus, the 
changes in grass plant orientation from predominantly vertical to predominantly 
horizontal could well explain the observed scattering alpha angle increase when 








Figure 3.4. Dominant scattering alpha angle according to the random volume over 
ground vegetation backscattering model [14] for different particle shapes. The delta 
parameter determines the particles’ randomness of orientation: delta=0 corresponds to 










This thesis explores the application of X-band SAR satellite data for environ-
mental monitoring. TerraSAR-X in its single polarisation HH and dual pola-
risation HH/VV was used as the primary data source. TerraSAR-X data capa-
bilities for forest flood mapping and grassland parameter retrieval applications 
were studied.  
Short 3 cm wavelength X-band SAR HH polarisation data usability for flood 
mapping in temperate forest areas was tested. Sufficient canopy penetration was 
observed as flooding increased backscatter in deciduous, mixed and coniferous 
forest by 6.2, 3.2 and 4.0 dB respectively. The first satellite remote sensing 
data-based flood maps in Estonia on the Alam-Pedja Nature Reserve were 
created. These accurate flood maps are a useful source of information for later 
ecological studies on the Nature Reserve. As the flooded vs. non-flooded forest 
backscatter difference was sufficient – at least 3.2 dB – X-band SAR systems 
like TerraSAR-X and COSMO SkyMED could be used for flood mapping in 
temperate forests. The study confirmed X-band SAR performance for leaf-off 
conditions, but leaf-on conditions still remain to be tested. However, spring 
floods from snowmelt occurring during leaf-off conditions are the most 
common type of flood in Northern Europe. Therefore, X-band SAR usability for 
flood mapping in Northern Europe during leaf-off conditions could be con-
sidered even more important than its usability during leaf-on conditions. 
According to SAR polarimetry theory, the HH-VV polarimetric channel 
should have higher flooded vs. non-flooded area separation based on back-
scatter values than the HH polarimetric channel. The improvement of using the 
HH-VV channel was measured at the Soomaa temperate forest test site using 
TerraSAR-X dual polarimetric HH/VV data with a 23° angle of incidence. The 
test was done in coniferous and deciduous forests with cover of 75–81% and 
three different tree height groups: 0–10 m, 10–20 m and 20–30 m. Depending 
on forest type, the use of the HH-VV channel improved flooded vs. non-flooded 
forest backscatter-based separation by 0.2–1.6 dB over the conventional HH 
polarimetric channel. The improvement was at its lowest (0.2 dB) in 7 m tall 
coniferous forest and at its highest (1.6 dB) in 5–7 m tall deciduous forest. For 
the HH (HH-VV) polarimetric channel in deciduous forest, flooding increased 
backscatter by 8.2 (9.8), 7.2 (8.4) and 5.7 dB (6.7 dB) for tree heights 5–7, 14–
19 and 20–28 m respectively. In coniferous forest, flooding increased back-
scatter in the HH (HH-VV) polarimetric channel by 4.8 (5.0), 3.6 (5.0) and  
2.3 dB (3.0 dB) for tree heights 7, 16–18 and 23–28 m respectively.  
Polarimetric phase difference between the HH and VV channels is another 
parameter that could be used for flood detection [89]. Flooding increases 
double-bounce scattering from the surface and tree trunks, and shifts the phase 
towards 180°. Phase shift was measured using the TerraSAR-X HH/VV 
Soomaa dataset. In deciduous forest, floods shifted the phase from 59° to 87°, 
60° to 83° and 62° to 74° for tree heights 5–7, 14–19 and 20–28 m respectively. 





61° to 71° for tree heights 7, 16–18 and 23–28 m respectively. Dual polari-
metric HH/VV measurements could be used for improved forest flood mapping, 
bearing in mind the reduced resolution and/or swath width of dual polarimetric 
modes compared to single channel modes.  
Dual polarimetric HH/VV X-band SAR sensitivity for grassland parameter 
retrieval was tested. The test was carried out from June to October 2011 in the 
Matsalu grasslands close to the Baltic Sea coast where grass height varied 5– 
70 cm in the different test fields. SAR measurements were made with 
TerraSAR-X in its dual polarimetric HH/VV mode with a mean incidence angle 
of 36.9°. The SAR observables studied included dual polarimetric entropy, 
mean and dominant scattering alpha angle, coherence magnitude and phase 
between HH+VV and HH-VV polarimetric channels, phase magnitude and 
phase between HH and VV polarimetric channels, |HH|/|VV| intensity ratio, 
backscatter in HH, VV, HH+VV and HH-VV polarimetric channels. None of 
the observables were found to be sensitive to grass height, however, one 
specific behaviour was noticed for the state of cut grass lying on the ground. 
When the grass was cut and left uncollected horizontally on the ground, the 
dominant scattering alpha angle increased from 10° to 25°. Characteristic 
behaviour was also found in the |HH|/|VV| intensity ratio, mean scattering alpha 
angle, coherence magnitude between HH+VV and HH-VV polarimetric 
channels and the phase difference between HH and VV polarimetric channels. 
Such characteristic behaviour for the cut grass lying on the ground was 
explained using the random volume over ground model for vegetation 
backscattering [14]. It was shown that primarily horizontally aligned dipoles 
(grass cut but left uncollected on the ground) corresponded to higher alpha 
angle values than primarily vertically aligned dipoles (growing grass). The 
results of the study have applications in precision farming based on satellite 
measurements and subsidy claim validation in European Union agencies that 
allocate agricultural subsidies. 
In order to search for a SAR parameter sensitive to grass height or biomass 
and to study further the reasons for the risen alpha angle for cut grass lying on 
the ground, a new campaign was organised in the summer of 2013. The study 
included satellite measurements with RADARSAT-2 in its fully polarimetric 
HH/HV/VH/VV mode, TanDEM-X dual polarimetric HH/VV mode and 
COSMO SkyMED constellation HH 1-day revisit interferometry mode. The 
field surveys were also improved, including in situ wet and dry biomass, grass 







The research described in this thesis was carried out in Tartu University, Regio 
Ltd, German Aerospace Center (DLR) and Tartu Observatory between 2010 
and 2013. The research focused on testing the capabilities of new generation 
high-resolution X-band SAR satellites like TerraSAR-X for environmental 
monitoring. 
X-band SAR canopy penetration was found to be sufficient for effective 
flood mapping in North European temperate forest during leaf-off season. Due 
to flooding, backscatter increased 6.2, 3.2 and 4.0 dB in deciduous, mixed and 
coniferous forest respectively. The first high-resolution remote sensing data-
based flood maps on the Alam-Pedja Nature Reserve were created. The flood 
maps could be used as basis for future ecological studies on the Nature Reserve. 
The degree of improvement in using the X-band SAR HH-VV polarimetric 
channel instead of conventional HH for flood mapping in forest areas was 
measured. In deciduous forest, flooding increased backscatter in the HH (HH-
VV) polarimetric channel by 8.2 (9.8), 7.2 (8.4) and 5.7 dB (6.7 dB) for tree 
heights 5–7, 14–19 and 20–28 m respectively. In coniferous forest, flooding 
increased backscatter in the HH (HH-VV) polarimetric channel by 4.8 (5.0), 3.6 
(5.0) and 2.3 dB (3.0 dB) for tree heights 7, 16–18 and 23–28 m respectively. 
The improvement in using the HH-VV polarimetric channel over HH was 0.2–
1.6 dB, the highest (1.6 dB) being for short 5–7 m deciduous forest and the 
lowest (0.2 dB) for short 7 m coniferous forest. The corresponding polarimetric 
phase difference increase between HH and VV channels related to the flooding 
was measured. In deciduous forest, the phase difference increased from 59° to 
87°, 60° to 83° and 62° to 74° for tree heights 5–7, 14–19 and 20–28 m 
respectively. In coniferous forest, the phase difference increased from 59° to 
69°, 59° to 70° and 61° to 71° for tree heights 7, 16–18 and 23–28 m respecti-
vely. These results demonstrate the slight improvement of using the HH-VV 
polarimetric channel for flood mapping in forests instead of the conventional 
HH channel. However, one also needs to keep in mind that the resolution and/or 
swath width of dual pol. modes are usually inferior to those of the single 
channel modes of the same SAR system.  
Dual polarimetric HH/VV X-band SAR performance for grasslands para-
meters retrieval was tested. No reliable correlation between SAR measurements 
and grass height was observed. However, numerous SAR variables – most 
notably the dual polarimetric dominant scattering alpha angle – were sensitive 
to cut grass lying on the ground. A characteristic dominant scattering alpha 
angle increase from 10° to 25° was observed when grass was cut and left lying 
on the ground. The alpha angle returned to 10° after the grass was collected. 
The observed phenomenon was well described by a particle cloud model for 
vegetation backscattering [14]. Primarily horizontally oriented dipoles (cut 
grass lying on the ground) correspond to higher scattering alpha angles than 





SUMMARY IN ESTONIAN 
X-laineala tehisava-radari rakendused  
keskkonnakaugseireks 
 
Käesolevas väitekirjas kirjeldatud uurimistöö on läbi viidud Tartu Ülikoolis, AS 
Regios, Saksa Kosmosekeskuses (DLR) ja Tartu Observatooriumis 2010–2013. 
Uurimistöö peamiseks eesmärgiks oli kõrglahutusega X-laineala tehisava-
radarite rakendusvõimaluste uurimine keskkonnakaugseireks. Lähteandmetena 
kasutati peamiselt Saksa Kosmosekeskuse satelliidi TerraSAR-X mõõtmisi. 
X-laineala tehisava-radari võrastiku läbivus osutus piisavaks, et tuvastada 
vett ja kaardistada üleujutusi Põhja-Euroopa parasvöötmelises metsas raagus 
aastaajal. Üleujutus võimendas tagasihajumist leht-, sega- ja okasmetsas vasta-
valt 6.2, 3.2 ja 4.0 dB. Sama uurimuse raames valmisid ka esimesed kõrg-
lahutusega satelliitkaugseire andmete põhised üleujutuste kaardid Alam-Pedja 
Looduskaitseala kohta. Loodud üleujutusalade kaarte saab kasutada edasistes 
geograafia- ja ökoloogia-alastes uurimustes Alam-Pedja Looduskaitseala kohta. 
Kompleksse HH-VV polarimeetrilise kanali kasutamine peaks tagasi-
hajumise põhjal pakkuma paremat üleujutatud metsa eristamist üleujutamata 
metsast, võrreldes traditsioonilise HH kanaliga. TerraSAR-X HH/VV režiimi 
andmetega Soomaa metsas tehtud mõõtmised näitasid, et tagasihajumise põhine 
üleujutatud metsa eristatavus üleujutamata metsast suurenes olenevalt metsa 
tüübist 0.2–1.6 dB HH-VV kanali kasuks võrreldes HH-ga. Kõige rohkem  
(1.6 dB) paranes eristatavus 5–7 m kõrguses lehtmetsas, kõige vähem (0.2 dB)  
7 m okasmetsas. Lehtmetsas suurendas üleujutus HH (HH-VV) kanali tagasi-
hajumist vastavalt 8.2 (9.8), 7.2 (8.4) ja 5.7 dB (6.7 dB) puudel kõrgustega 5–7, 
14–19 and 20–28 m. Okasmetsas suurendas üleujutus HH (HH-VV) kanali 
tagasihajumist vastavalt 4.8 (5.0), 3.6 (5.0) ja 2.3 dB (3.0 dB) puudel kõrgusega 
7, 16–18 and 23–28 m. Sama eksperimendi raames mõõdeti ka HH ja VV kanali 
polarimeetrilist faasivahet, mis on samuti üleujutusele tundlik ning mida on 
võimalik kasutada üleujutuste kaardistamisel alusparameetrina. Lehtmetsas 
üleujutamata tingimustel üleujutatud tingimustele üle minnes suurenes HH ja 
VV kanali faasivahe 28°, 23° ja 12° vastavalt puude kõrgusele 5–7, 14–19 ja 
20–28 m. Okasmetsas suurenes samal ajal faasivahe 10°, 11° ja 10° vastavalt 
puude kõrgusele 7, 16–18 ja 23–28 m. Tulemused näitavad, et HH-VV kanali 
kasutamine pakub veidi kõrgemat üleujutatud metsa eristamise võimalust üle-
ujutatud metsast, võrreldes traditsioonilise HH kanaliga. Samal ajal tuleb siiski 
meeles pidada, et kahe polarisatsiooniga tehisava-radarite mõõterežiimide 
lahutus on veidi jämedam ja/või vaateala kitsam võrreldes sama sensori ühe 
polarisatsiooniga mõõterežiimiga.  
Lisaks testiti kahe kanaliga HH/VV polarimeetrilise tehisava-radari sobivust 
rohumaade parameetrite tuvastuseks. Ühegi tehisava-radari mõõtetulemuse ja 
rohu kõrguse vahelist seost ei leitud. Selle asemel osutus võimalikuks kaar-
distada alasid, kus rohi oli niidetud ja heinamaale maha jäetud. Sellele seisule 





selgem muutus toimus radari hajumise dominantsel alfa-nurgal, mis tõusis rohu 
niitmise järel 10 kraadilt 25 kraadile, langedes rohu koristamise järel uuesti 10 
kraadile. Leitud käitumine vastas hästi osakeste pilve-põhisele taimestiku 
tagasihajumise mudelile [14]. Peamiselt horisontaalselt paiknevad dipoolid 
(niidetud ja koristamata rohi põllul) vastasid suuremale alfa-nurgale kui pea-
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